A very sensitive method was established for detecting the activity of mitogen-activated protein (M A P) kinase in mouse eggs, and used to follow temporal changes of this kinase during fertilization and sponatenous or chemically-induced parthenogenic activation. MAP kinase activity increased between 1 and 2.5 h post-insemination, at which time the second polar body was em itted and sperm chromatin was dispersed; its activity decreased sharply at 8 h, when pronuclei were formed. Both calcium ionophore A23187 and ethanol simulta neously induced pronuclear formation and M AP kinase inactivation in aged eggs 8 h after incubation but less effectively in fresh eggs. The protein kinase inhibitor staurosporine in duced pronuclear formation and M AP kinase inactivation more quickly than other treat ments, with M A P kinase inactivation occurring slightly proceeding pronuclear formation. Okadaic acid, a specific inhibitor o f protein phosphatase 1 and 2A , induced increase in MAP kinase activity, and overcame pronuclear formation induced by various stimuli. M AP kinase inactivation preceded pronuclear formation in eggs spontaneously activated by aging in vitro, perhaps due to cytoplasmic degeneration and thus delayed response of nuclear envelope precursors to M A P kinase inactivation. These data suggest that M AP kinase is a key protein kinase regulating the events of mouse egg activation. Increased M AP kinase activity is tem porally correlated with the second polar body emission and sperm chromatin decondensation. Although different stimuli (including sperm) may initially act through different mechanisms, they finally inactivate M A P kinase, probably by allowing the action of protein phosphatase, and thus induces the transition to interphase.
Introduction
Mammalian eggs are arrested at meiotic m eta phase II (M il) before fertilization or activation by cytostatic factor (CSF) (Masui, 1991) . It is be lieved that CSF prom otes meiotic arrest directly or indirectly by stabilizing the activity of maturation promoting factor (MPF), a heterodim eric complex of cyclin B and P34cdc2 kinase (M urray et al., 1989; Sagata, et al., 1989; Masui, 1991) . Recently, m ito gen-activated protein (M AP) kinase, also named extracellular regulated kinase (ERK), has also been proved to play an im portant role in con trolling meiotic cell cycle during m aturation of mouse, rat, pig, goat and bovine oocytes (Sobajima et al., 1993; Verlhac et al., 1993; Inoue et al., 1995; Dedieu et al., 1996; Fissore et al., 1996; ZernickaGoetz et al., 1997) . More recent research revealed that decrease in M AP kinase activity has a pos sible role in pronuclear envelope assembly in mouse eggs following fertilization (Moos et al., 1995 (Moos et al., , 1996a . However, the function of M AP kinase, a microtubule-associated protein kinase (Verlhac et al., 1993) , in the early events of fertili zation has not been addressed.
In addition to physiological activation by sperm, mouse eggs can be activated in vitro by various physical and chemical stimuli. Ethanol and the Ca2+ ionophore A23187 can activate mouse eggs by inducing intracellular Ca2+ rise, although nei ther stimuli induce Ca2+ oscillations as a sperm does (Lorca et al., 1993; Yanagimachi, 1994; Kline, 1996) . However, cycloheximide and protein kinase inhibitor staurosporine have been proved by us and others to activate eggs with no accompanying Ca2+ rise . Mouse eggs also undergo spontaneous parthenogenic activation during aging, but whether this too involves an initial Ca2+ rise has not been well determ ined (Yanagimachi, 1994) . It is necessary to clarify further whether dif ferent stimuli induce cell cycle progression by act ing on M AP kinase, a convergence point for many signaling pathways, as a sperm does.
By using an antibody specific for active MAP kinase, we have established a very sensitive method for detecting MAP kinase activity in mouse eggs, and used to follow the temporal changes of M AP kinase activity in mouse eggs that became activated spontaneously or artificially, as well as in eggs activated by sperm.
M aterials and Methods

Preparation o f chemical reagents
Stock solutions of A23187 (free acid, Calbiochem, La Jolla, CA), staurosporine, okadaic acid (OA) were prepared with dimethyl sulfoxide (DM SO) at 20 m M , 2 m M and 0.2 m M , respectively, and stored frozen at -2 0 °C. Stock solution of cycloheximide in 0.9% saline was stored at -2 0 °C. Prior to use, the stock solutions were di luted with modified Tyrode's solution (T6) (Wood et al., 1987) . An 8% solution of ethanol (Mercaz, Shatner, Jerusalem, Israel) was freshly prepared in T6 medium for every experiment. Hyaluronidase was dissolved in T6 medium at 300 ^g/ml and 0.5 ml aliquots stored at -2 0 °C.
All the reagents, unless otherwise specified, were from Sigma Chemical Co. (St. Louis, MO).
Collection o f eggs
Cumulus cell-enclosed metaphase Il-arrested eggs were obtained from 6 -1 0 week-old BALB/c mice. Females were superovulated by injecting 10 iu of pregnant mare serum gonadotrophin (PMSG), and 48 h later they were injected with 10 iu of human chorionic gonadotrophin (hCG). Mice were killed by cervical dislocation at 15 or 19 h post-hCG, and the cumulus cell masses were released from the oviducts. The cumulus cells sur rounding the eggs were removed by brief exposure to 300 iu/ml hyaluronidase in T6 medium. A fter a series of washes, the eggs were cultured as follows.
Experimental treatments
In vitro fertilization (IVF): Sperm atozoa col lected from the cauda epididymis and ductus defe rens of 2 adult male mice were mixed and capaci tated for 1.5 h in T6 medium containing 20 mg/ml BSA. Cumulus-free eggs collected at 15 h posthCG injection were insem inated in the same medium containing approxim ately lx lO 6 sperm cells/ml.
Artificialparthenogenic activation: Cumulus-free eggs collected at 15 or 19 h post-hCG injection were exposed to 8% ethanol for 7 min or 5 ^m A23187 for 5 min, respectively. Treatm ent was car ried out at room tem perature in air. A fter washing 3 time, 5 min each, the treated eggs were transfer red to a droplet (200 (il) of T6 medium containing 20 mg/ml BSA under paraffin oil for further incu bation at 36.5 °C , 5% C 0 2 and 100% humidity until 8 h. Incubation treatm ent of eggs collected at 15 h post-hCG injection in 2 [iM staurosporine or 500 [.iM cycloheximide was for the entire period under the same conditions. Eggs cultured in drugfree medium were adopted as controls.
Spontaneous parthenogenic activation: Eggs col lected at 15h and 19 h after hCG injection were aged in vitro in T6 medium containing 20 mg/ml BSA till 72 h or 96 h.
Effect o f okadaic acid: A fter the eggs were in seminated for 2 h or treated with 5 |im A23187 for 5 min or 8% ethanol for 7 min, they were cultured further in T6 medium containing 2 ^im okadaic acid till 8 h. In other treatm ent groups, eggs were cultured in the medium containing both 2 [am staurosporine or 500 (,im cycloheximide and 2 p,M okadaic acid.
All experimental groups in this study were con ducted a minimum of 3 times.
Confirmation o f egg activation
At 1, 2.5, 4 and 8 h after insemination or treat ment with different reagents, or at different times after aging in vitro, eggs were observed under an inverted phase-contrast microscope (Leitz, G er many). Extrusion of the second polar body (PB2) and pronucleus (PN) form ation were recorded. The criterion for egg activation was pronuclear formation or in some cases the formation of in terphase nuclei in both blastomeres.
Electrophoresis and immunohlotting
For all treatments, samples prepared from 20 eggs were loaded per lane. Morphologically normal eggs were randomly collected in sodium dodecyl sulfate (SD S) sample buffer at 1, 2.5, 4 and 8 h after insemination or treatment with dif ferent stimuli or at 28, 48, 72 and 96 h aging after hCG injection, and heated to 100 °C for 4 min. A f ter cooling on ice for 4 min and centrifuging at 16,000 x g for 5 min, samples were frozen at -7 0 °C until use. The proteins were separated by SD S-PAGE with a 4% stacking gel and a 10% separat ing gel for 50 min at 188 volts, electrophoretically transferred onto PRO TRA N nitrocellulose mem brane (Schleicher & Schuell, Germany) for 1 h, 200 mA, at 4 °C. After blocking for 30 min in T B S buffer (20 m M Tris, 137 m M NaCl, pH 7.6) contain ing 5% B SA and 0.1% Tween-20, the membrane was incubated overnight at 4 °C in T B S buffer containing 1:5000 polyclonal anti-Active™ M AP kinase antibody that selectively recognizes the du ally phosphorylated form of P42ERK2 and P44ERK1 (Promega, Madison, WI USA, Lot No. 64840) (Schaefer and Moravec, 1996; White et al" 1996; Racke et al., 1997) . After 2 washes of 15 min each in T B S containing 0.1% Tween-20 (T B S-T ), the membrane was incubated for 1 h at room temper ature with donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc) diluted 1:6000 in TBS-T. The membrane was washed twice in T B S-T and then processed using the enhanced chemiluminesence (E C L) detection system. The inten sity of the bands representing E R K 2 and ER K 1 in each lane was quantified by densitometry using TINA 2.0 software.
For reprobing, the blots were stripped of bound antibodies by washing in stripping buffer (100 m M ß-mercaptoethanol, 20% SDS, 62.5 mM Tris, pH 6.7) at 50 °C for 30 min. The membrane was reprobed with polyclonal anti-ERK2 (Santa Cruz Biotechnology, Inc, Santa Cruz, Lot No. 1276) di luted 1:3000 using the same procedure as de scribed above. All experiments were repeated at least twice.
Data analysis
All data on parthenogenic egg activation were evaluated by x2 analysis. Eggs showing signs of de generation were not included. Student's t test was used to compare the mean OD value between dif ferent treatment time point and the control. D if ferences at P < 0.05 were considered significant. The relative MAP kinase activity at different times after fertilization, shown by relative optical density (O D ), was determined by densitometry analysis of the anti-Active™ bands in the blot (the same as follows). The OD value at each time point was nor malized against the control group. The value expressed by each bar represented the mean ± standard deviation (SD ) (n = 3). * P < 0.05, ** P < 0.01, compared with con trol. 
Results
Kinetics o f mouse egg activation and M A P kinase activity during fertilization in vitro
M AP kinase activity increased between 1 and 2.5 h after insemination (Fig. 1) , just preceding or coinciding with PB2 emission (Table I) . Activity remained comparable to levels in control eggs till 4 h post-insemination when PNs were not formed in most of the inseminated eggs (Table I and Fig. 1 ). A t 8 h post-insemination, by which time pronuclei were visible in most of the eggs (Table  I) , M AP kinase activity sharply decreased (Fig. 1) . When the same membrane was stripped, re blocked and reprobed with anti-ERK2, the band shift of both ERK1 and ERK2 was not evident even 8 h post-insemination when M AP kinase had already been inactivated (Fig. 1A) .
Egg activation and M A P kinase activity change induced by chemical stimuli
In our experiment, eggs collected at 15 h or 19 h after hCG injection were rarely activated when they were cultured in vitro for 8 h (Table I ). In contrast, obvious response was observed when the eggs were treated with ethanol, A23187, cyclohex imide and staurosporine. However, these four stimuli induced cell cycle progression with dif ferent efficiencies, staurosporine being the strong est stimulus, followed by cycloheximide, ethanol and A23187. As shown in Table I , when mouse eggs collected at 15 h after hCG injection were treated with 5 jim A23187 for 5 min, PN formation was no different from control groups (P > 0.05). However, when aged eggs collected 19 h after hCG injection were treated by the same pro cedure, 64.3% were activated. Similarly, ethanol treatm ent induced activation of only 32% of the 15-h eggs, but 79.2% of the 19-h eggs (Table I) . Persistent treatm ent with 500 |im cycloheximide was a m ore effective method for activating 15-h mouse eggs, giving PN formation in 34.6% after 4 h incubation and 71.7% after 8 h. With stauro sporine treatm ent, PN formation began at 1 h and was com pleted after 4 h. In contrast to the other treatm ents, activation of eggs with 2 [im stauro sporine was so fast that nearly all the eggs failed to extrude the PB2. Furtherm ore, there were usually more (4 -6 ) visible pronucleoli in staurosporinetreated eggs than in other groups.
Eggs collected at different times after each treatm ent were used to follow the temporal changes of M AP kinase. In each case, PN forma tion was correlated well with the dephosphoryla tion (inactivation) of M AP kinase. Treatment of 15-h eggs with 5 |im A23187 for 5 min did not in fluence M AP kinase during incubations up to 8 h (Fig. 2) . With ethanol, MAP kinase activity decrease was found after 8 h (Fig. 2) . When 19-h eggs were treated by these 2 reagents, M AP kinase was completely inactivated after 8 h incubation when the pronuclei were formed in most of the eggs (Table I and Fig. 3 ). In cycloheximide-treated eggs, MAP kinase activity was significantly de creased at 4 h and was nearly fully inactivated by 8 h; MAP kinase inactivation and PN forma tion were well correlated in extent and timing (Table I and Fig. 4 ). Staurosporine induced MAP kinase inactivation concomitantly or slightly preceeding PN formation (Table I and Fig. 4) . R e probing the membrane with polyclonal anti-ERK2 revealed that none of the treatments caused evi dent catabolism of MAP kinase (Figs 3, 4) . Fur thermore, no mobility shift of ER K 1 and E R K 2 was observed under our experimental conditions (Figs 3, 4) .
Kinetics o f egg activation and MAP kinase activity during spontaneous parthenogenic activation
When the 15-h eggs were cultured in vitro, 7.4% (12 out of 162), 28.9% (33 out of 114) and 90% (45 out of 50) were activated at 28, 48 and 72 h after hCG treatment, respectively. By 96 h, 17.1% (7 out of 41) degenerated and 90.2% (37 out of 41) cleaved and arrested at the 2-cell stage. In con- 
Effect o f okadaic acid on egg activation and MAP kinase activity induced by sperm and various stimuli
We have previously demonstrated that okadaic acid, an inhibitor of protein phosphatases 1 and 2A, overcame the effect of staurosporine on KunTime (h) min White mouse (Chinese local breed) and por- 
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trast to IV F and artificial parthenogenic activa tion, MAP kinase inactivation preceded PN for mation. At 48-h when PN formation was found only in 28.9% eggs, MAP kinase was already inac tivated (Fig. 5) . The inactivation of MAP kinase during aging was not due to the degradation, since even at 72 h the amount of ERK1 and E R K 2 was not different from that of control group at 18 h ( Fig. 5) . At 96 h, the amount of ERK1 and ER K 2 significantly decreased (data not shown). (Moos et al., 1996 b) . In this experiment, we found that neither sperm nor various stimuli could induce the formation of pronuclei when eggs were cultured in the medium containing 2 (im OA. With all treatments (sperm+ OA, staurosporine+ OA, cycloheximide + OA, A23187 + OA and ethanol + OA), MAP kinase remained phosphorylated, and MAP kinase activity was higher than in control eggs. The hyperactivation of MAP kinase by OA was not due to synthesis but to the phosphoryla tion of ERK1 and E R K 2 (Fig. 6) .
Discussion
In the present study, both polyclonal antiActive™ MAP kinase antibody and polyclonal anti-ERK2 antibody were used for immunoblotting. Anti-Active™ MAP kinase is an affinity purified antibody made against a dually phos phorylated protein that corresponds to the active form of MAP kinase enzymes, and it specifically recognizes this (active) form of ER K 1 and E R K 2 (Schaefer and Moravec, 1996; White et al., 1996; Racke et al, 1997; Wang et al., 1997 b). A nti-ERK 2 is reactive with p42ERK2 and to a lesser degree with P44 ERK1. Therefore, it is reasonable that we observed 2 bands corresponding to ER K 1 and E R K 2 when either antibody was used.
Previously, MAP kinase phosphorylation was assessed indirectly by its mobility shift on SDS-PAGE. In this study, we found no such mobility shift of ERK1 or E R K 2 when MAP kinase was inactivated. Other authors also found that the mobility-shift method has lower fidelity (Posda and Cooper, 1992; Verlhac et al., 1994; Scrimgeour et al., 1997) . In contrast, the method we estab lished using the phosphorylation-state sensitive anti-Active™ MAP kinase antibody is a sensitive and reliable method for measuring mouse-egg MAP kinase activation state. The use of antiActive™ MAP kinase antibody in Western blots, followed by reprobing of the stripped membrane with anti-ERK2 as conducted in this study is an ideal method for detecting MAP kinase changes.
During fertilization, we observed an increase of MAP kinase activity between 1 and 2.5 h after in semination when the PB2 is emitted, followed by a sharp decrease at 8 h after insemination by which time pronuclei were formed in most eggs. Since most eggs were not penetrated until 30 min post-insemination and decondensing sperm head were first found at lh post-insemination in our sys tem (Sun et al., 1997 b) , it is possible that the in creases in MAP kinase activity is associated with sperm chromatin dispersion after penetration. Verlhac et al. (1994) also suggested that MAP ki nase activity may be required for the remodeling of the sperm nucleus after fertilization. During meiotic maturation of mouse oocytes, MAP kinase is found to be related with the first meiotic spindle and microtubule behavior correlates with MAP kinase activity but not MPF activity. High MAP kinase activity persists when the first polar body (PB1) is emitted (Verlhac et al., 1993) . Further more, in immature mouse oocytes subjected to the antibody against Mos, the molecule upstream of MAP kinase in the cascade, formation of PB1 was blocked (Zhao et al., 1991) . Thus, another possi bility is that the increase of MAP kinase activity after fertilization that occurred just around the time of the PB2 emission is related to this event. It is suggested that high MAP kinase activity keeps mammalian eggs arrested in M il stage (Verlhac et al., 1994; Dedieu et al., 1996) . We dissent from this view, since our experiments showed that the resumption of meiosis II after fertilization or acti vation occurred when the MAP kinase activity is still high (4 h after insemination when PB2 were emitted in 94% of the eggs). Furthermore, during oocyte maturation, MAP kinase activity reaches peak level when the oocyte proceeds to the MI stage, but it continues maturation until the M il stage. We propose that high MAP kinase activity is necessary to prevent oocyte microtubules from organizing into the interphase state. Once MAP kinase activity is decreased, microtubule reorgani zation can proceed.
Consistent with results obtained by Moos et al. (1995, 1996 a, 1996 b) , we found that inactivation of MAP kinase temporally correlated with the for mation of the pronuclear envelopes induced by sperm and cycloheximide, and elevation of MAP kinase activity by OA treatment inhibited pronu clear formation. Previous experiment also showed that addition of purified MAP kinase to cell-free preparations of frog eggs at interphase induced the interphase to metaphase transition (Gotoh et al., 1991) . OA. a specific inhibitor of PP1 and PP2A, caused retention of phosphorylation on a 70 kd protein which likely represents nuclear lamin in mouse eggs. OA-sensitive protein phosphatases exist in mouse oocytes and 1-cell embryos (Schwartz and Schultz, 1991) . It has also been proved that protein phosphatase plays an attenu ating role in regulation of MAP kinase activity in many cell types such as ventricular cardiomyocyte (Braconi et al., 1996) . All the above evidence sug gests that PN formation is probably caused by in activation of MAP kinase via the activation of OA-sensitive protein phosphatase.
In mouse eggs, staurosporine, shown in this study to inactivate MAP kinase, induced not only the formation of many pronucleoli, but also activa tion of the egg genome in the absence of fertiliza tion (Sun et al., 1997 a). As observed in both in vitro fertilization (IV F) and parthenogenic activa tion, OA-dependent elevation of MAP kinase ac tivity induced the disappearance of pronucleoli. Thus, entry into S phase is attenuated by MAP kinase in mouse eggs. In starfish eggs, it is also suggested that down-regulation of MAP kinase is necessary and sufficient for triggering the G/S phase transition (Tachibana et al., 1997) . Thus, we suggest that MAP kinase regulates not only pronuclear assembly/disassembly, but also chromatin behavior after egg activation. The present results also supported the suggestion that the different events after fertilization, for example, the PB2 emission and PN formation, may be uncoupled and controlled by different mechanisms (Moos et al., 1995; Sun et al., 1997 c) .
Our previous experiment suggested that inhibi tion of a staurosporine-sensitive protein kinase, possibly MAP kinase is responsible for the transi tion from metaphase to interphase (Sun et al., 1997 a; Wang et al., 1997 a). The present study indi cated that MAP kinase activity decreased in a time-dependent manner in the eggs that were treated with 2 |im staurosporine, beginning 1 h after treatment. There is a good temporal correla tion between PN formation and MAP kinase inac tivation, with MAP kinase inactivation slightly preceding PN formation. Thereafter, MAP kinase activity decreased so fast that the metaphase spin dle was disrupted before the emission of PB2 . Protein kinase inhibitors l-(5-isoquinolinesulfonyl)-2-methylpiperazine (H7) and 6-DM AP were also reported to activate eggs (Mayes et al., 1995; Sun et al., 1995) . It is possible that protein kinase inhibitor activates eggs by inac tivating kinases, such as MAP kinase, via 6-DMAP sensitive mechanism (Moses et al., 1995) , which is required for PN formation.
When freshly ovulated eggs were treated with A23187, few were activated and MAP kinase ac tivity did not decrease. When the freshly ovulated eggs were treated with ethanol, MAP kinase activ ity slightly decreased at 8 h, which was consistent with the extent of PN formation. Both ethanol and A23187 induced PN formation and MAP kinase inactivation with similar time course to fertiliza tion, and the inactivation of MAP kinase corre lated strongly with the extent of PN formation in 19-h eggs. In bovine eggs, ethanol activation causes the disappearance of p39mos, a molecule which acts upstream of MAP kinase (Wu et al., 1997) , and Mos disruption was proved to induce parthenogenic development in unfertilized mosknocked-out (M os_/_) mouse eggs (Colledge et al., 1994; Hirao and Eppig, 1997) . We suggested that both A23187 and ethanol bypass the maintenance of M il arrest by targeting a calcium-sensitive mechanism and later induce PN formation by in activating MAP kinase.
When the eggs were incubated in vitro, most of them formed pronuclei and cleaved till 72h and 96 h after hCG injection, respectively, but they did not develop further. Kikuchi et al. (1995) reported that histone H I kinase activity in pig eggs de creased gradually with aging. It was also reported that bovine oocytes aged beyond the optimal time (4 4 -4 8 h after in vitro maturation) for fertilization seemed to lose the capacity for Mos protein syn thesis (Wu et al., 1997) . We found that MAP ki nase activity had significantly decreased 48 h after hCG injection when only part of the eggs formed pronuclei, but most of the eggs formed pronuclei between 48 and 72 h. Although there is no direct comparison among MPF, Mos and MAP kinase changes during egg aging, it seems that MAP ki nase is inactivated later than MPF and Mos. It is likely that the inactivation of upstream molecules finally leads to inactivation of MAP kinase. The delay in PN formation compared to MAP kinase inactivation is perhaps due to the delayed re sponse of nuclear envelope precursors to MAP kinase inactivation, since degenerative changes in various organelles are evident in aged eggs (Yanagimachi, 1994) .
Taken together, the data suggest that MAP ki nase is a key protein kinase in regulation of mouse egg activation. Increased MAP kinase activity is temporally correlated with the PB2 emission and sperm head decondensation. Although different stimuli (including sperm) may act through dif ferent mechanisms at early steps of egg activation, they finally inactivate MAP kinase, probably via the action of protein phosphatase, and thus in duces the transition to interphase.
